Introduction
The resistance to arterial blood flow is highly dependent on the radius of the vessel, and to a lesser extent on its length. As a result of the high driving pressure (= shear stress) in healthy vessels, the viscosity of the blood is low and, according to the Poisseuille-Hagen equation, contributes little to flow properties (Baeckstrom et al., 1971; Gaeghtens & Uekerman, 1973) . In the presence of a significant vascular stenosis, the fall in shear stress distal to the narrowing causes the intrinsic properties of the blood to assume a greater importance (Schmid-Schonbein et al., 1971 ). In the heart, the flow in perfusing vessels is further reduced by the high intra-myocardial pressure generated during systole (Tillmans et al., 1981; Nellis et al., 1981) .
Viscosity is influenced by the individual red cells' ability to deform in response to shear stresses (Taylor et al., 1965) . In addition, flow through nutritive capillaries depends on the ability of the red cell, with a normal diameter of approximately 7 ,u, to flex sufficiently to pass through vessels as small as 3 ,u diameter (Kiesewetter et al., 1981) . Erythrocytes may be inherently less deformable in some patients with vascular disease (Reid et al., 1976b) and coupled with the reduced shear stress in the ischaemic circulation, this may be important in impairment of tissue oxygen transport.
It is known that intracellular calcium loading reduces the ability of red cells to deform (Palek & Liu, 1979) ; calcium translocation blockers are also effective in the therapy of angina (Dargie et al., 1981) . It is therefore possible that the antianginal actions of these drugs may in part relate to their effects on red cell deformability. We therefore studied the acute effects ofone of these drugs, nifedipine, on red cell deformability in patients with angina pectoris.
Methods
Eight patients participated in the study, seven male and one female, with a mean age (+ s.e. mean) of 59.5 ± 2.7 years (range 49-71 years).
All had stable angina pectoris controlled by, adrenoceptor antagonists alone (atenolol in four patients, propranolol in three, timolol in one); three had treated hypertension and one had retroperitoneal fibrosis with mild impairment of renal function. The study was approved by the Joint Ethical Sub-Committee of the Southampton and South West Hampshire Health District.
The patients attended the laboratory between 09.00 and 10.00 h after a light breakfast with no methylxanthine-containing drinks. All took their regular medication on the morning of the study but no glyceryl trinitrate tablets. A cannula was inserted into a forearm vein, and patency maintained by flushing with 5 ml of 0.9% saline solution after blood sampling. The patients rested lying semi-recumbent for 1 h and blood was withdrawn without venous stasis for rheological measurements as detailed below. Following this, a sublingual dose of either 10 mg of nifedipine or matching placebo was administered in double-blind random order. A further blood sample was withdrawn 60 min later and the patients were immediately exercised on a treadmill. Exercise was conducted at the pre-determined maximal comfortable walking speed (between 2 and 4 kph) at 5% elevation. The exercise was terminated at 10 min or earlier if the patient experienced chest pain, if the systolic blood pressure fell or if ischaemic depression of the ST-segments developed on the ECG. A further blood sample was withdrawn at the conclusion of the exercise.
Whole blood was anticoagulated with EDTA for plasma viscosity estimation, and heparin sodium 40 iu/ml for determination of red cell deformability. Samples were transferred to a light proof box immediately after collection and deformability studies were carried out under a sodium lamp to prevent degradation of nifedipine. Red cell deformability was measured by two techniques.
The filtration technique relies on the ability of red cells to pass through membrane pores smaller than the diameter of the erythrocyte. The method adopted was modified from Reid et al. (1976a) . All filtration studies were carried out on white cell reduced blood (buffy coat removed) at 37°C and the time taken for passage of 0.6 ml of blood through a 5 A polycarbonate nucleopore filter in response to a negative pressure induced by a 20 cm head of water, was measured on triplicate samples. The passage of the first 0.1 ml of blood was ignored to allow acceleration to a constant flow rate, and timing stopped after the passage of a total of 0.7 ml, subsequent to which flow becomes non-linear. The results were expressed in ml blood filtered min-' and corrected to a haematocrit of 45% according to the formula: flow rate x 45/ haematocrit. Previous studies in our laboratory demonstrated a linear relationship between flow rate and haematocrit, with a similar regression for samples from different individuals. Filtration studies were completed within 2 h of venepuncture.
The centrifugation method assesses the packing behaviour of red cells subjected to a centrifugal force, using the apparatus and technique described by Sirs (1970) with minor modifications. The centrifuge consists of a boxed Hawksley microhaematocrit head separated from the drive motor to avoid overheating. The head was maintained at 37°C by a thermostatically controlled air blower. The rate ofcell packing in response to a constant centrifugal force of200gwas recorded photographically at 30 s intervals for 6 min. The initial packing rate was expressed as % min and corrected to a haematocrit of 45% from a standard curve calibrated for the instrument. Centrifugation studies were completed within 3 h of venepuncture.
Plasma viscosity was measured at 37°C using a Harkness type linear viscometer. Haematocrits were obtained on a Coulter 'S' automatic cell counter.
All results are expressed as mean + s.e. mean. Results were analysed by the method of paired comparisons between observations on nifedipine and placebo treatment days and significance assessed by Student's t-test for paired observations.
Results
All patients completed the study; the only unwanted effect reported was facial flushing experienced by the female patient on the final study day. Exercise duration was the same for each subject on both study days and was terminated after 3 and 4 min respectively in two subjects, on both occasions, the first experiencing light headedness, the second shortness of breath.
Plasma viscosity
The mean pre-treatment plasma viscosity was 1.28 + 0.03 centipoise before placebo, and 1.34 ± 0.05 cP before nifedipine (t = 1.38, NS). There was no significant difference between the viscosity at rest after nifedipine (1.35 + 0.03) and placebo (1.34 + 0.03) and the expected rise on exercise to 1.42 + 0.04 cP after nifedipine did not differ significantly from the rise after placebo to 1.38 + 0.04cP(t= 1.49,NS).
Haematocrit
The mean haematocrits of 41.0 prior to placebo and 40.3 prior to nifedipine were not significantly different (t = 2.33) and there was no change in haematocrit at rest after placebo (41.0) or nifedipine (41.0). The haematocrit increased on exercise to 43.7 after placebo and to 43.6 after nifedipine (t = 1.80).
Red cell deformability byfiltration (Figure 1) The coefficient of variation for triplicate samples was 7%. The mean deformability index pretreatment was 2.65 + 0.11 ml min-' before placebo compared with 2.75 + 0.13 ml min-' before nifedipine (t = 2.01, NS). There was no change at rest after placebo (2.62 + 0.14 ml min-1) but filterability was significantly increased after nifedipine in all eight subjects to 3.09 + 0.13 ml min-I (t = 5.15, P < 0.005). At the end of exercise, filterability was unchanged after placebo at 2.57 + 0.11 ml min-I but still significantly greater after nifedipine at 3.02 + 0.15 ml min-' (t = 3.97, P < 0.025).
Red cell deformability by centrifugation (Figure 2) The coefficient of variation for triplicate samples was 4%. The mean deformability index prior to treatment was 6.98 + 0.65 % min-1 before placebo and 6.78 + 0.67% min-' before nifedipine (t = -1.58, NS). The deformability index was unchanged at rest after placebo at 7.00 2.0-a 0.65% min-', while a rise was observed after nifedipine in all eight patients to a mean of 7.80 + 0.66% min-' (t = 5.98, P < 0.001). At the end of the exercise, the index after placebo was unchanged at 7.02 + 0.64% min-1 while a further significant increase was seen on active treatment to a mean of 8.34 + 0.71 (t = 4.89, P < 0.005).
Discussion
Both the filterability and packing rate on centrifugation of the red cells were enhanced in all eight patients 1 h after a single sublingual dose of nifedipine, a time chosen to coincide with the peak plasma concentrations of the drug (Ramsch, 1981) . It is necessary to further evaluate this response, since the properties of individual red cells are not the only factors to influence the tests currently used to measure red cell deformability.
The filterability of whole blood is impaired by the presence of white cells which block the membrane pores (Kiesewetter et al., 1981 ). In the current study, between 70 and 90% of white cells were removed by buffy coat aspiration, and previous studies in our laboratory have shown that the improvement in filterability achieved by this method is reproducible (most remaining white cells being the more flexible mononuclears). There is some evidence that increasing fibrinogen concentrations may reduce filterability (Marcel, 1981) , but removing the protein by washing and resuspending red cells in the fibrinogen-free buffer risks altering cell characteristics and the sample may no longer be in a physiologically relevant state. White cells do not affect sedimentation of blood during centrifugation but fibrinogen concentrations are directly related to the packing rate (Sirs, 1970) . It is unlikely that the effect of nifedipine in the current study was solely related to an alteration of erythrocyte-fibrinogen interaction. A drug-related enhancement of cell-cell interaction would be expected to increase the rate of packing in the centrifuge, but impair or have no effect on the ability of cells to pass through membrane pores. An increase in deformability on exercise after nifedipine was demonstrated by the centrifugation technique but not after placebo, suggesting that haemoconcentration with a consequent increase in plasma viscosity is not the explanation for these results either. It therefore appears that the improvement in deformability after nifedipine is mediated by its direct action on the red cell membrane.
A recent conference report (Slonim et al., 1981) There is some evidence that the maximum therapeutic benefit of nifedipine in angina may not be seen until 4 to 6 weeks after treatment commences (Cocco et al., 1979 ). An evaluation of the effects of nifedipine on red cell deformability during long-term therapy is necessary to determine whether the improvement observed in the current study is thereby maintained or even enhanced.
Most of the deformability of red cells is due to the physical properties of the membrane, the fluid interior making little contribution (Skalak, 1981) and intracellular calcium loading increases red cell viscosity and reduces membrane deformability (Weed et al., 1969; Palek & Liu, 1979) . Normal intracellular calcium concentrations are low in erythrocytes, probably due to a low membrane permeability to the ion (Porzig, 1972) and active extrusion of the ion by a high capacity ATP-dependent membrane pump (Schatzman & Vincenzi, 1969) . A small influx of calcium, however, rapidly depletes intracellular ATP (Plishker & Gitelman, 1977) and local increases in shear stress such as may occur in the microcirculation or in association with vessel stenoses may greatly increase calcium permeability (Larsen et al., 1981) . Accumulation of calcium in the cell membrane alters the characteristics of the spectrin component of the membrane cytoskeleton (Quist, 1980) , increasing the rigidity of the cell.
Nifedipine exerts many of its clinical effects by blocking the slow inward transmembrane calcium flux in the target cell (Nayler & PooleWilson, 1981) , and the 1,4 dihydropyridine derivatives, of which nifedipine was the first to be used therapeutically, bind to erythrocyte membranes (Glossman et al., 1982) . Other inhibitors of calcium flux such as cinnarizine and flunarizine (De Cree et al., 1979) have been reported to improve both red cell deformability and tissue perfusion in ischaemic vascular disease, although the mechanism of action of the many drugs with 'calcium antagonist' properties may differ (Kauffman et al., 1982) . There are few ex vivo studies reported of the effects of other vasoactive drugs on red cell deformability. Although the concept is not yet fully substantiated, it has been suggested ( Van Neuten & Vanhoute, 1980 ) that hypoxia-induced calcium accumulation and increased rigidity of the red cell membrane is an important mechanism in the impairment of tissue perfusion. The results of the present study suggest that improvement by nifedipine of the deformability of red cells could contribute to the therapeutic effects of the drug in myocardial ischaemia. clin. Invest., 48, 795-809. (Received June 6, 1983 , accepted October13, 1983 
